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Abstract
We have studied the surface morphology of different forms of the organic conductor polypyrrole, 
which serves as the environment for immobilization of the redox enzyme glucose oxidase. Scanning 
tunnelling microscopy (STM) images of polypyrrole films, obtained electrochemically on highly oriented 
pyrolytic graphite, STM images of polypyrrole microtubules and STM images of glucose oxidase 
molecules adsorbed on a gold facet are presented and discussed.
The conclusions from this study are: (i) the polypyrrole films, prepared chemically or electrochemi­
cally, exhibit disordered non-crystalline structure; (ii) the polypyrrole surface corrugations and the 
dimensions of the glucose oxidase molecule are of the same order of magnitude, allowing strong 
adsorption of the enzyme to the conducting polymer. On the basis of these data, a model for the direct 
interaction between glucose oxidase and polypyrrole in the biosensor is proposed.
INTRODUCTION
C u rren t  efforts in the  field of am perom etr ic  biosensors are d irected  tow ards the 
deve lopm ent of e lec trodes which com m unicate  directly with a redox enzyme. T he 
advantage of this design is tha t it allows the construction  of reagentless biosensors, 
which are re fe rred  to as th ird -genera tion  biosensors [1].
In terac tion  of redox enzymes with bare  metal or carbon surfaces is often 
accom panied  by large s truc tura l changes in the p ro te in  s truc tu re  and concom itant 
loss of enzym atic activity. T h e re fo re  p ro te in  electrochem istry  is usually perfo rm ed
* To whom correspondence should be addressed.
0302-4598/92/$05.00 © 1992 -  Elsevier Sequoia S.A. All rights reserved
I
48
metal  base
pores with conduc t ing
po lymer  and 
enzyme
Fig. 1. (a) SEM image of polypyrrole microtubules. The polycarbonate template material was washed 
away with dichloromethane. The pore size of the original membrane was 1000 nm; the membrane 
thickness was 11 n m. (b) Schematic drawing of the biosensor in which the microtubules are used.
with surface-m odified  e lec trodes  [2]. M any research  groups have applied  organic 
conductors  as surface modifiers [3-6], in particu lar polypyrrole [7-10]. T he  b iosen­
sors construc ted  with these e lec trodes  do not work according to the principle of 
d irect e lectron  transfer betw een the redox enzyme and the e lec trode  m aterial. This 
e lectron  transfer  is m ed ia ted  by a small and mobile redox species which is 
co-adsorbed  with the enzyme.
Recently we have rep o rted  that the redox enzyme glucose oxidase can very 
efficiently be immobilized on a new type of polypyrrole, namely in the form of 
m icrotubules which are synthesized using the pores of a track-etch m em b ran e  as 
tem plates. W ith these m icro tubules we have been  able to construct a reagentless  
glucose sensor which displays direct e lectron  transfer  from the enzyme to the 
conducting  polymer. A  scanning electron microscopy (SEM ) image of the polypyr­
role m icrotubules applied  in this b iosensor is shown in Fig. 1. F u r th e r  details  of 
this am perom etric  b iosensor are p resen ted  elsew here [11,12]. Since the m icrotubu- 
lar polypyrrole does not contain  additional redox m ediato rs  (ne ithe r  covalently 
anchored  nor physically adsorbed), the intriguing question  arises of why direct 
e lectron  transfer  takes place. To answ er this question, we have u n d ertak en  a 
scanning tunnelling  microscopy (STM ) study of the two com ponen ts  of the b iosen­
sor, i.e. the conducting  polymer and the  redox enzyme.
T he  scanning tunnelling m icroscope is based  on the tunnelling  of an electric 
cu rren t from a metallic tip to the  surface of a sam ple [13]. T h e re fo re  the electrical 
conductivity of the sam ple u n d er  investigation is of crucial im portance. U p  to now 
only a limited num ber of polymers have been  studied  by STM. They all are 
conducting  polymers [14-16].
W hen the m aterial to be s tud ied  is non-conducting , it is still possible to obtain 
STM  images by depositing a thin layer of the m ateria l on a conductive substrate , 
such as highly o rien ted  pyrolytic graphite  (H O P G ) or a noble m etal surface. In this
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way it has been possible to obtain STM  images of e.g. lipids [17,18], D N A  [19] and 
/7-alkanes [20].
In this p ap e r  we p resen t a study of the surface m orphology of polypyrrole 
m icrotubules on a n an o m etre  scale and  for com parison also of polypyrrole electro- 
chemically deposited  on a H O P G  substrate . In addition  we presen t the first STM 
images of glucose oxidase molecules adsorbed  on a gold facet. T he  results of this 
study are used to propose a model for the observed direct in teraction  betw een 
glucose oxidase and the conducting  polymer.
MATERIALS AND METHODS
Polypyrrole was electrochem ically  deposited  on H O P G . T o  this end a freshly 
cleaved g raph ite  surface was in troduced  into an aqueous solution contain ing 0.3 M 
pyrrole (M erck) and 0.15 M potassium  chloride. T he  electrochem ical trea tm en t 
was a poten tia l sweep from 0 to 1 V vs. an A g /A g C l  reference. T he  scan rate  was
0.1 V s _I (model CV-1B po tcn tiosta t,  Bioanalytical Systems).
Polypyrrole m icrotubules were synthesized within the pores of Cyclopore track- 
etch filtration m em branes  (Cyclopore S.A., Belgium) according to a p rocedure  
described  previously [21,22]. STM  sam ples of the track-etch m em branes, co n ta in ­
ing the polypyrrole m icrotubules, were p rep a red  as follows. A small rec tangular 
piece of the m em brane  m aterial was placed on its side on the sam ple holder and 
glued down. A fte r  drying, the m em brane  was cut with a fresh razor blade as near 
to the ho lder surface as possible.
G lucose oxidase (G O d, E.C. 1.1.3.4) type II (25 000 U g ‘) from Aspergillus 
niger (Sigma) was adsorbed  on gold facets (atomically flat o r only m onoatom ic 
steps on the surface) by in troducing the gold in a potassium  phosphate-buffered  
aqueous  solution (pH  7.4) of 5 mg G O d  m l “ 1 for 67 h. A fte r  adsorp tion , the gold 
facets w ere rinsed with buffer solution and e ither  allowed to dry in the air or 
s to red  in buffer solution in the refrigerator.
T he  m icroscope used was a hom e-m ade STM constructed  at the R esearch 
Institu te  for M ateria ls  at the University of Nijmegen. It was an am bient-a ir  
opera ting  m achine with a tem p era tu re -co m p en sa ted  tw o-piezotube construction 
and  a differential screw tip approach  system. T he  tip m aterial was P t - I r  and the 
m icroscope was in the constan t-cu rren t mode. T he set-up has been described in 
detail e lsew here [23,24].
RESULTS AND DISCUSSION
Polypyrrole on H O P G
Polypyrrole films were p rep a red  electrochem ically following the m ethod  d e ­
scribed in the previous section. T he  d ifferent sam ples we studied  were ob ta ined  by 
applying d ifferent num bers  of electrochem ical cycles. T he  sam ples ob ta ined  by 
cycling up to th ree  times from 0 to 1 V (vs .A g /A gC l)  were used to study the initial
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Fig. 2. STM images of polypyrrole films deposited on HOPG (tunnel current 100 pA, tip voltage -  150 
mV): (a), (b) 800x800 nm2 image of a polypyrrole film at its initial stage of formation (the vertical scale 
range is 100 nm); (c) 8 0 x 8 0  nrtr image of the structures between the islands in (a).
steps of the polym erization reaction. T he  sam ples polym erized for longer times 
w ere used to study the final surface corrugation  of the polypyrrole film as it is 
expected  to be in the am perom etr ic  b iosensor m en tioned  in the In troduction . T he  
thickness of these electrochem ically  polym erized films was es tim ated  to be 100 nm. 
This estim ation  is based on the fact tha t a charge of 24 mC cm 2 leads to a film of 
100 nm [25].
Figure 2 shows the images of polypyrrole deposited  on an H O P G  surface a fte r  
th ree  electrochem ical cycles. Some individual islands are visible in Fig. 2(a) and  a 
much denser  s truc tu re  in Fig. 2(b). T hese  images w ere taken from the sam e sam ple 
but at d ifferent places, which were at d ifferen t distances from the p la tinum  
coun te re lec trode  during  the polym erization. O u r  explanation  of these fea tu res  is 
the following. T he  polym erization reactions occur at num erous  and  isolated sites 
all over the e lec trode  surface. If there  are only a few nucléation sites, the polym er 
grows slowly into dom e structures. T hese  dom es eventually impinge on each  o ther.
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W hen the nu m b er of growth sites increases, the overall s truc tu re  becom es sm oother 
and m ore parallel to the  original e lec trode  surface [15,26].
T he  dim ensions of the  islands in Fig. 2(a) are up to 250 nm in the lateral 
d irection and up to 50 nm in height. T he  s truc tu res  which impinge upon each 
o th e r  (Fig. 2(b)) are up to several hund reds  of n anom etres  long and up to 100 nm 
in height. T he  s truc tu res  betw een  the islands in Fig. 2(a) are chain like, with a 
width of 10 nm at the base and  up to 1 nm in height. T hese  chains are p resen ted  at 
h igher m agnification in Fig. 2(c). They seem  to exhibit random ly d istributed  zigzag 
s truc tu res  in accordance with the m olecular organization of the films repo rted  by 
Mitchell and G eri [26]. We failed to obtain  atomic or individual m olecular orbital 
resolution of ou r samples. In all ou r m easu rem en ts  the tunnel cu rren t was noisy 
and  trials to scan with h igher cu rren t (the tip closer to the sam ple surface) led to 
oscillations or to dragging effects.
Figure 3(a) p resen ts  a 50 X 50 n m 2 STM  image of a polypyrrole film with a 
thickness co rrespond ing  to the films used in the am perom etric  biosensor. T he 
image is a represen ta tive  picture. It shows rows of polypyrrole chains e longated  in 
one p referen tia l d irection, but with d ifferent widths and heights along these rows. 
A cross-section of the image height is given in Fig. 3(b). T he  typical values of the 
width and height are approxim ately  5 - 6  nm and up to 2.5 nm respectively. Figure 
3(c) shows the image ob ta ined  at the highest magnification with a reproducib le  
s truc tu re  for d ifferent scanning directions and speeds. This p icture  suggests that 
two rows of the sam e chain type are p resen t, 3 nm wide and  1.5 nm high, which 
impinge on one ano ther.
Glucose oxidase
G old facets with adsorbed  glucose oxidase molecules were imaged by SEM  and 
STM. T he  enzyme m olecules w ere adsorbed  in the way described earlier. On the 
SE M  images the adsorbed  enzyme layer was clearly visible.
A t the p resen t stage in the developm ent of STM imaging of biological molecules 
it is not possible to draw definite  conclusions concerning the dim ensions of 
b iom olecules [27]. T he  in teraction  of the need le  tip with biom olecules is still 
unknow n. T h ere fo re  our STM  results with regard  to glucose oxidase should be 
in te rp re ted  with some caution. Figures 4(a) and 4(b) show the STM  line and 
intensity images of glucose oxidase m olecules on gold facets. T he  imaged area  is 
38 X 38 nm~ and the vertical range is about 3 nm. T he  picture displays a 
cong lom era te  of enzyme m olecules o r a stack of several of these molecules. The 
individual m olecules are oval shaped , with a dim ension of 14-18 nm along the 
main axis and 5 - 8  nm along the p e rpend icu la r  direction. T hese  s truc tures  were 
reproducibly  p resen t in both  scanning directions. T he  height of the images was 
abou t 1 -2  nm. T h e  m olecules had the ap p earan ce  of a ring with a 2 nm wall 
thickness and  a small hole in the middle.
T h e  lateral d im ensions of the observed molecules are in ag reem en t with the 
dim ensions ob ta ined  from ellipsom etry da ta  on glucose oxidase adsorbed  on a gold
(a)
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Fig. 3. STM images of a polypyrrole film surface with a thickness according to polypyrrole as used in 
the amperometric biosensor (tunnel current 50 pA, tip voltage -  150 mV): (a) 5 0 x 5 0  nm“ (the vertical 
full scale is about 20 nm); (b) cross-section of the lower right part of the image in (a); (c) 10 X 10 n n r  
image (the vertical scale is about 4 nm).
e lec trode  [28]. T he  vertical d im ensions of ou r  imaged molecules, however, need  
some fu r th e r  com m ents. E llipsom etry suggests that the glucose oxidase m olecule is 
an ellipsoid with a m inor axis up to 5 nm long. T he  vertical value we m easured  is 
smaller, but we expected  this to be so for two reasons. First, it is known from o th e r  
investigations [28] that the in teraction  betw een  glucose oxidase and gold is very 
strong. This will lead to an irreversible adsorp tion  o f the enzyme on the gold 
surface. D uring  this process the conform ation  of enzyme m olecules slowly changes, 
exposing m ore and m ore am ino acid groups capable  of forming bonds to the gold 
substrate . This results in defolding of the tertiary  s truc tu re  and in deactivation of 
the protein . Secondly, the tunnelling  cu rren t is not only d e p e n d en t  on the distance 
betw een  the tip and the sam ple but also on the local work function. T here fo re , 
w hen the tip is scanning badly conducting  m ateria l, the feedback loop m akes the 
tip go into the exam ined surface to keep the tunnel cu rren t constant. This is one of
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Fig. 4. (a) Line and (h) intensity STM images of glucose oxidase molecules adsorbed on a gold facet 
(area 3 8 x 3 8  n n r  with vertical scale range about 3 nm, tunnel current 50 pA, tip voltage -  150 mV).
the fundam en ta l reasons why the dim ensions of STM images from biological 
sam ples should be in te rp re ted  with caution (see above) [27].
Figure 5 shows an image o f glucose oxidase m olecules ob ta ined  at a different 
bias voltage of the scanning tip. T he lateral d im ensions rem ain the same as before, 
but now there  is no evidence of a ring structure . O ne explanation  is that, by 
changing the bias voltage (from -  150 to —50 mV), d ifferent m olecular orbitals are
Fig. 5. STM top-view image (36x36  nm2) of glucose oxidase adsorbed on a gold facet (tunnel current 
100 pA, tip voltage - 5 0  mV). Imaged under ambient air, high humidity (greater than 70%).
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Polypyrrole coated fo l ie  cross section 
P tir  t .p . -500 nV. 100 pA '
Fig. 6. STM images of a cross-section of a polypyrrole microtubule (tunnel current 100 pA, tip voltage 
— 500 mV): (a) 80X80 nm2 area with about 40 nm vertical scale range; (b) 4 0 x 4 0  nm2 filter image 
(gradient in x  direction).
observed. A n o th e r  im portan t factor may be the am bien t air humidity. This plays an 
im portan t role when biological bulk specim ens (generally non-conductive) are 
imaged. In line with reports  by Y uan et al. [29], we ob ta ined  the most reproducib le  
results when the air humidity was high (g rea te r  than  70%). Im aging at high 
humidity led to s truc tu res  with m ore p ro n o un ced  dep th  profiles (not shown). 
G iucose oxidase on gold was also im aged while placing the tip in a d rop le t of w ater 
on the gold surface. In this way we ob ta ined  the sam e results as for imaging in high 
humidity (g rea te r  than  70%) on a dry gold surface. T he  sam ples changed  signifi­
cantly when wc placed the STM  inside a glass bulb which was Hushed with dry 
nitrogen. Imaging u n d er  these conditions led to “ dragging effects" (see above). 
T h e re fo re  no STM images could be ob ta ined  u n d er  an a tm osphere  of low 
humidity.
Polypyrrole microtubules
Figure 6(a) shows a typical image of the cross-section of the polypyrrole 
m icrotubules inside a track-etch  m em brane . This m em brane  is the kind of polypyr-
• f A 9
role modified m em brane  that is used in the biosensor. T he  a rea  is 80 X 80 n n r  and 
the vertical range is about 30 nm. T he surface is strongly co rruga ted  with ditches 
up to several n anom etres  deep  and with co rruga ted  walls, as also observed for 
polypyrrole on H O P G  (see above). Fig. 6(b) shows a filtered image (g rad ien t in x  
d irection) of an o th e r  location inside the polypyrrole tubules, which clearly visual­
izes the long ditches and steps on the surface. This image is a s trong indication 
that inside the polypyrrole tubules the surface is sufficiently co rruga ted  to adsorb
Fig. 7. Model for the interaction of glucose oxidase with the interior of the polypyrrole microtubules in 
the biosensor.
glucose m olecules in such a way that the conducting  polymer can get very close to 
the active cen tre  o f the enzyme. T he  most in teresting  fea ture  is tha t the d im en ­
sions of the polypyrrole corrugations are in accordance with the m olecular d im en ­
sions o f glucose oxidase. If we assum e that the native enzyme molecule is shaped  
like an ellipsoid or an “ 8 ” , with the active cen tres  in the grooves, the polypyrrole 
matrix can be im agined to in teract with the surface of the enzyme as well as with 
the active centres.
T he  surface in teraction betw een glucose oxidase and polypyrrole is most likely 
e lectrosta tic  in na tu re , since polypyrrole in its conducting  state  is a polycation [30] 
and glucose oxidase at neu tra l pH  is a polyanion [28]. Experim ental evidence for 
this e lectronic  in teraction  has been p resen ted  in a previous p ap er  [12]. A pparently , 
the concave s truc tu re  of the tubules is very im portan t. It allows the polypyrrole to 
in teract with glucose oxidase from different directions. This multisite in teraction 
may keep the enzyme biologically active while at the same time increasing the 
chance tha t direct e lectron  transfer occurs [2,31]. A model for the strong in te rac­
tion betw een  glucose oxidase and polypyrrole is p resen ted  in Fig. 7. This figure 
shows a dep th  profile of an STM  image of the polypyrrole m icrotubules and a 
draw ing of a glucose oxidase m olecule on the same scale. T he  dim ensions of the 
enzyme m olecules and the polypyrrole surface corrugation  inside the m icrotubules 
m atch sufficiently to m ake e lectron  transfer feasible.
CONCLUSIONS
(1) W e have ob ta ined  STM images of polypyrrole films synthesized e lec tro ­
chemically u n d er  various polym erization conditions on an H O P G  electrode. T he 
electrochem ical deposition  appears  to occur at num erous  and isolated sites all over 
the H O P G  electrode  surface. Initially, only a few polym erization sites are present,
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which slowly grow into dom e s truc tu res  that impinge on each o ther. T he  polypyr­
role films that are eventually ob ta ined  exhibit d iso rdered  non-crystalline s truc tu res  
with many ditches up to several nanom etres  in dep th  and  width and with 1 -2  nm 
corrugations on the walls.
(2) W e have been  able to obtain  the first c lear STM  images of individual 
glucose oxidase m olecules adsorbed  on gold facets. T hese  m olecules show lateral 
d im ensions o f 14-18 nm along the longer axis and  5 - 8  nm along the sho rte r  axis. 
T hese  horizontal d im ensions arc in accordance with da ta  ob ta ined  by ellipsom etry 
[28]. T he  vertical d im ensions are som ew hat d ifferent from the expected  d im en ­
sions. This can be a t tr ibu ted  both to the s trong adsorp tion  o f the enzyme 
m olecules on the gold surface and to the STM  techn ique  itself [27].
(3) STM  images of the polypyrrole surface inside the m icro tubules suggest that 
the conducting  polym er may have a s trong m ultisite  in teraction  with the glucose 
oxidase molecules. This in teraction  accounts for the observed direct e lectronic  
com m unication  betw een polypyrrole and the redox enzyme and may explain why 
no d én a tu ra t io n  of the enzyme occurs.
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